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Nitric Oxide Appears to Be a Mediator of Solar-Simulated
Ultraviolet Radiation-Induced Immunosuppression in Humans
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Topical application of NG-methyl-L-arginine and 2,20 -
dipyridyl were used to examine the respective roles of
nitric oxide and reactive oxygen species in solar-simu-
lated ultraviolet radiation-induced immunosuppression
in humans in vivo. Immunosuppression was studied
using a nickel contact hypersensitivity recall model.
Ultraviolet radiation dose^responses were generated to
determine the extent to which NG-methyl-L-arginine
and 2,20 -dipyridyl a¡ected the immune response. NG-
methyl-L-arginine but not 2,20 -dipyridyl protected
the immune system from ultraviolet radiation-induced
suppression. Both NG-methyl-L-arginine and 2,20 -
dipyridyl inhibited nitrite production. Nitrite is a de-
gradation product of peroxynitrite, a cytotoxic media-
tor resulting from reactions between nitric oxide and
reactive oxygen species. This suggests that nitric oxide,
not its downstream product peroxynitrite, was likely to
be responsible for solar-simulated ultraviolet radiation-
induced immunosuppression. In contrast, both nitric
oxide and reactive oxygen species were mediators of
solar-simulated ultraviolet radiation-induced apoptosis
and loss of dendritic S-100þ cells (probably Langerhans
cells) from the epidermis. It is likely that di¡erent me-
chanisms are involved in these ultraviolet-induced end-
points and that events in addition to Langerhans cell
depletion are important for local immune suppres-
sion to recall antigens in humans. Understanding the
mechanisms of cutaneous ultraviolet-induced oxidative
stress will assist in the future design of novel products
that protect skin from photoaging and skin cancer.
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T
he skin is the largest organ of the human body and a
primary target for an array of environmental insults.
Ultraviolet (UV) radiation has been identi¢ed as a
cause of several hazardous cutaneous e¡ects, includ-
ing immune suppression, skin cancer (Kripke, 1974),
sunburn (delayed erythema), and premature aging (Gilchrest,
1979). More than two decades ago it was recognized that UV
modulates the skin immune system. Highly antigenic UV-in-
duced skin cancers in mice are immunologically rejected upon
transplantation into normal unirradiated syngeneic mice (Kripke,
1974). Pathak and Stratton (1968) were the ¢rst to note the pre-
sence of free radicals in the skin after UVexposure. Even a single
dose of UVB or UVA can compromise antioxidant enzyme de-
fense systems. The resulting free radical load causes damage to
immune cells, attacking cellular components and damaging
proteins, lipids, and DNA (Goldstone and Hunt, 1997).
Nitric oxide (NO), a gaseous free radical, plays an integral role
in cutaneous function. It is synthesized from L-arginine, molecu-
lar oxygen, and reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) by NO synthase (NOS) (Marletta, 1994). In the
skin, keratinocytes (Arany et al, 1996), Langerhans cells (Qureshi
et al, 1996), dermal ¢broblasts (Wang et al, 1996), and melanocytes
(Rocha and Guillo, 2001) all express inducible NOS upon stimu-
lation with in£ammatory cytokines and/or lipopolysaccharide.
NO itself mainly plays physiologic regulatory roles, but if pro-
duced in excess, may combine with superoxide to form peroxy-
nitrite (ONOO), which has cytopathic e¡ects. Peroxynitrite
exists in equilibrium with peroxynitrous acid, which may de-
grade to nitrate and nitrite, which are both stable end-products
of NO metabolism (Pryor and Squadrito, 1995) (Fig 1). Peroxy-
nitrite is a highly toxic reactive nitrogen intermediate that can
react directly with nucleic acids promoting DNA strand breakage
(Zingarelli et al, 1996). NO plays a part in UV-induced immune
suppression in rodents partially via e¡ects on dendritic cells
(Halliday et al, 1999; Yuen et al, 2002). Synthesized by endothelial
cells, NO also acts as an endogenous modulator of leukocytic
in¢ltration (Kroncke et al, 1997).
The involvement of ferrous iron (Fe2þ ) in catalyzing redox
reactions in vitro is well established. Hydrogen peroxide (H2O2)
reacts with iron to generate hydroxyl radicals (OH) via the
Fenton reaction: H2O2þ Fe
2þ-OHþOHþ Fe3þ. 2,20 -Di-
pyridyl, an aromatic amine, inhibits this reaction by chelating fer-
rous iron. An increase in nonheme iron in the mouse and human
epidermis has been demonstrated after solar-simulated UV
radiation (ssUV) (Jurkiewicz and Buettner, 1996). The topical
application to human skin of an iron chelator, desferrioxamine,
has been previously shown to decrease signi¢cantly UV-induced
free radicals (Jurkiewicz and Buettner, 1996). Topically applied
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2,20 -dipyridyl, penetrates human skin where it remains for at least
24 h (Bissett et al, 1991). It has been shown to prevent photocarci-
nogenesis, wrinkling (Bissett et al, 1991; Halliday et al, 1999), and
UV immunosuppression (Yuen et al, 2002) in murine models.
Very little is known about the e¡ect of UV-induced free
radicals in humans in vivo. By using an analog of L-arginine,
NG-methyl-L-arginine (L-NMMA) and an aromatic amine
2,20 -dipyridyl, we examined the roles of NO and reactive oxygen
species (ROS) in ssUV-induced immunosuppression, apoptosis,
and Langerhans cell depletion in normal human skin.
MATERIALS AND METHODS
Subjects Volunteers were recruited from the local university, general
population, and hospital sta¡. Subjects were excluded from the study if
they had abnormal skin at the test site, a history of sun exposure to the
lower back within 6 wk prior to entry into the study, were less than 18 y
of age, pregnant, lactating, or were photo-sensitive or immune suppressed
through illness or medication use. All subjects were recruited with approval
from both the Central Sydney Area Health Service and the University of
Sydney Ethics Committees.Written, informed consent was provided prior
to entry into the study.
L-NMMA and 2,20 -dipyridyl topical solutions The base solution was
prepared by combining 1,2-propanediol (Sigma, St Louis, Missouri),
absolute ethanol (Selby-Biolab Scienti¢c Pty. Ltd, Clayton, Victoria,
Australia) and double distilled water at a ratio of 1:2:1, at room
temperature; 72.0 mg 2,20 -dipyridyl per ml (Sigma) or 129.6 mg
L-NMMA per ml (Sigma) were then dissolved in this base solution.
L-NMMA was applied topically to the human volunteers at 0.18 mg per
cm2 and 2,20 -dipyridyl at 0.1 mg per cm2. The solutions were stored at
41C and discarded after 2 mo. The absorbance spectrum was performed
using the same technique used to determine absorbance of commercial
sunscreens in Australia. L-NMMA, 2,20 -dipyridyl and base solutions were
each applied to Mimskin, a 1.5 40 mm quartz glass plate pro¢led with
the topography of human skin at the same concentration as was applied to
human subjects (1.4 mL per cm2). After a 15 min dry time, the plate was
irradiated using a Labsphere UV-1000 sun protection factor (SPF)
Analyzer (Labsphere, North Sutton, New Hampshire). The results were
blanked against Mimskin without product.
UV source A 1000 W xenon arc lamp with a collimated 7.5 cm square
beam (Oriel, Stratford, Connecticut) was used for irradiation of human
subjects. The lamp emission was ¢ltered by two, 280 to 380 nm dichroic
mirrors, which attenuated the visible and infrared components of the
light source. To provide ssUV, an ‘‘atmospheric attenuation ¢lter’’ (Oriel
catalog number 81017) with a spectral cut-o¡ of 290 to 400 nm, was used
to modify the output spectrum. The spectrum was monitored at 2 nm
intervals using a calibrated OL-754 spectroradiometer (Optronic
Laboratories Inc., Orlando, Florida) (Fig 2). Spectral irradiance was
determined at least daily with an IL 1350 broadband radiometer using
SED 038 (UVA) and SED 240 (UVB) detectors (International Light,
Newburyport, MA) calibrated against the xenon-arc solar simulator with
the spectroradiometer. The integrated irradiance of the ssUV at the skin
surface measured at 7.5 cm was 5.1 mW per cm2 UVB (290^320 nm),
11.8 mW per cm2 UVAII (320^340 nm), and 39.2 mW per cm2 UVAI
(340^400 nm).
Nitrite inhibition by L-NMMA and 2,20 -dipyridyl, measured by
the Greiss assay All equipment and reagents were obtained from Gibco
BRL (Life Technologies, Inc., Grand Island, New York) unless otherwise
speci¢ed. COLO-16 cells, a human epidermal squamous carcinoma cell
line (Moore et al, 1975), were added to 24-well plates at a concentration of
7105 cells per mL. Cells were cultured in RPMI 1640 medium with 1%
N-2-hydroxyethylpiperazine-N0-2-ethane sulfonic acid, 2% L-glutamine,
10% fetal calf serum, 0.2% penicillin/streptomycin, 0.5% fungizone (250 mg
amphotericin in 250 mg sodium desoxycholate per mL), and 0.2%
gentamycin (Sigma). The assay was performed after 24 h when the cells
were con£uent. Media was replaced with either 1 mL phosphate-bu¡ered
saline (PBS), PBS with L-NMMA (0.3 mg per ml) or PBS with 2,20 -
dipyridyl (0.18 mg per ml). Doses of L-NMMA and 2,20 -dipyridyl per
cm2 were the same as applied topically in the immunosuppression studies.
The cells were incubated at 371C in 5% CO2 for a further 15 min then
rinsed twice with 1.5 mL of PBS and left in 200 mL of PBS. They were
irradiated with 2.5 J per cm2 ssUV, the dose of ssUV required to cause
signi¢cant immunosuppression in the human contact hypersensitivity
(CHS) study. One set of wells was sham-irradiated. Immediately after
irradiation, 800 mL of either L-NMMA in PBS, 2,20 -dipyridyl in PBS or
PBS alone was added to make up to the original concentration of each test
substance. The plates were incubated for 15 min at room temperature prior
to adding the supernatant to an equal volume of Greiss reagent (1%
sulfanilamide, 3.5% phosphoric acid and 0.1% b-naphthylethylene
diamine dihydrochloride, added to double distilled water at room
temperature). Fifteen minutes later, supernatant absorption at 550 nm was
determined using a Unicam 8625 UV/Visible re£ectance spectro-
photometer (Unicam Ltd, Division of Analytical Technology Inc.,
Cambridge, UK). The concentration of the sodium nitrite was interpo-
lated from the linear portion of a standard curve using sodium nitrite in
double distilled water as a reference. The study was performed in triplicate.
The e¡ect of L-NMMA and 2,20 -dipyridyl on sunburn The e¡ect
on sunburn of L-NMMA and 2,20 -dipyridyl solutions were determined
using two separate groups of 10 volunteers, age and skin type matched to
the immunosuppression study (¢ve males, 15 females). Minimum
erythemal doses (MED) were determined for both a site treated with 1.4
mL per cm2 base solution and a site treated with either 1.4 mL per cm2 L-
Figure1. UV-induced production of reactive nitrogen species.
L-NMMA inhibits the production of NO through competitive inhibition
of NO synthase. 2,20 -Dipyridyl inhibits the production of ROS via the
Fenton reaction. NO2
, nitrite; NO3
, nitrate; ONOO, peroxynitrite
anion; ONOOHþ , peroxynitrous acid; O2
, superoxide anion.
Figure 2. Comparison of the experimental ssUV spectra with
sunlight. The solar UV spectral irradiance is the noon solar spectrum on
a cloudless October day, in Sydney, Australia, 2001. The spectra were
measured at 2 nm intervals using a calibrated spectroradiometer (Optronic
Laboratories Inc., Orlando, Florida). All spectra were normalized to 1.0 at
320 nm.
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NMMA or 2,20 -dipyridyl solution. Test solutions were applied on each
volunteer’s lower back 15 min prior to irradiation. A series of ten 6 6
mm squares were irradiated with increasing, equal increments of ssUV.
The MED was de¢ned as the lowest dose of ssUV at which clearly
demarcated erythema was visualized at 24 h postirradiation.
Nickel patch testing To determine the degree of nickel sensitivity
of each volunteer, the left side of the lower back was initially patch
tested with nickel sulfate (NiSO4.6H2O) in a petrolatum base (Trolab
Hermal, Reinbeck, Germany). Three concentrations of nickel sulfate, from
0.0125% to 5%, with an additional petrolatum-only control, were applied
to the left lateral back of each volunteer, in 9 mm Finn chambers (Epitest,
Tuusula, Finland) (Fischer and Rystedt, 1985). The patches remained in situ
for 48 h and the reactions were assessed 21 to 28 h after patch removal.
Clinically, each reaction was graded from 1 to 10 depending on the degree
of vesiculation and induration.The lowest nickel concentration resulting in
a uniform, erythematous reaction with papules was determined for each
subject. This concentration was then used for the immunosuppression
study.
Determining the e¡ect of L-NMMA and 2,20 -dipyridyl on ssUV-
induced immunosuppression Thirty-three (two males, 31 females)
healthy, nickel-allergic volunteers of Fitzpatrick skin types I to IV were
recruited. The average age was 3573 y and the average MED was
3.7þ0.3 J per cm2 of ssUV. Three subjects were excluded from the results
due to insu⁄cient CHS reactions (lack of con£uent induration) at the non-
ssUV-irradiated control sites, despite adequate reactions when initially
tested.
Each biologic modi¢er was tested in separate groups of volunteers. Two
6 6 cm areas on the lower back of each volunteer were randomly
allocated to receive either 1.4 mL per cm2 of base solution, or one of
L-NMMA or 2,20 -dipyridyl, 15 min prior to ssUV. Each area was
subdivided into ¢ve 2 3 cm regions. Three regions received ¢xed doses
of ssUV and two were left unirradiated (Fig 3). Volunteers received the
following suberythemal doses of ssUV: 2.0, 2.5, and 3.1 J per cm2 ssUV,
equivalent to 0.54, 0.68, and 0.84 of an average MED at the three UV-
irradiated regions. The same protocol was administered daily, for four
consecutive days. On the fourth and ¢nal day of irradiation, a nickel patch
was applied to each of the 10 regions, after the irradiation.The patches were
left in situ for 48 h. Nickel-induced erythema and induration was assessed
21 to 28 h after patch removal, both clinically and with a re£ectance
spectrometer (Diastron, Hampshire, UK). This instrument gives an
erythema index (EI) related to the blood content in the super¢cial dermis.
The EI was calculated as the di¡erence between the average of four
erythema readings at each of the test sites and adjacent skin.
Immunosuppression was calculated thus:
immunosuppression ðDEIÞ
¼ EIðunirradiated; base solution treated control sitesÞ  EIðtest siteÞ:
The methodology and data analysis for this procedure has recently been
described in detail (Damian et al, 1999; Damian and Halliday, 2002;
Kuchel et al, 2002). Brie£y, as each test site (UV with or without the
inhibitor) was in the same individual as the positive control this was
subtracted from the positive control for each individual and thus
presented as the decrease, or immunosuppression at this test site. For
statistical analysis each test site was compared with the control by a two-
tailed paired Student’s t test so that it was determined whether or not each
presented immunosuppression reached a level of statistical signi¢cance. An
MED was also determined on each volunteer’s lower back.
Histology To determine if topical L-NMMA or 2,20 -dipyridyl inhi-
bits UV-induced apoptosis and epidermal Langerhans cell depletion,
L-NMMA, 2,20 -dipyridyl, and base solution (1.4 mL per cm2) were
applied to three 3 cm square areas on the mid-back of ¢ve volunteers (one
male, four female). After 15 min, test sites were irradiated with an
individually tailored dose of 5 MED of ssUV (a moderate sunburn).
Forty-eight hours postirradiation, 3 mm punch biopsies were obtained
from each test site in addition to a sham-irradiated untreated site. Biopsies
were ¢xed in 10% neutral bu¡ered formalin, dehydrated through graded
alcohols, and embedded in para⁄n wax. All reagents were obtained from
DAKO Corporation (Carpintaria, California) unless otherwise speci¢ed.
S-100 immunohistochemistry Sections, 6 mm in thickness prepared from the
wax-embedded tissues were stained for S-100þ Langerhans cells using rab-
bit anti-cow S-100 protein and a labeled streptavidin-biotin (LSAB) system
(Dako, Glostrup, Denmark) as described previously (Halliday et al, 1986).
The slides were then incubated in a chromogenic substrate containing hex-
azotized basic fucsin and napthol-phosphate in carbonate/bicarbonate buf-
fer pH 9.0, to reveal alkaline phosphatase activity. This was followed by
counterstaining with Harris’ hematoxylin. Negative controls consisted of
normal rabbit serum and omission of the primary antibody, with normal
skin used as the positive control. Using image analysis, dendritic shaped S-
100þ cells were counted along the entire length of the epidermis as cells
Figure 3. Schematic representation of the test site on each subject’s lower back (A) and study time line (B).Two 6 cm squares on each side of the
lower back were divided into ¢ve regions each. Three di¡erent doses of ssUVwere given to each side. One side was randomly allocated to receive either L-
NMMA or 2,20 -dipyridyl in base solution, and the other side received the base solution alone. This protocol was given to the same test sites daily, for 4
consecutive days.
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per linear millimeter of epidermis. As the S-100 protein is present in both
melanocytes and Langerhans cells in the epidermis and melanocytes are
not found more than two epidermal cells above the basement membrane
(Halliday et al, 1986), only S-100þ cells situated at least two cells above
the basement membrane were scored. Dermal S-100þ cells were also
counted in 10 random ¢elds using the  20 lens of a light microscope. Cell
numbers were expressed as the percentage change in dendritic S-100þ cell
numbers compared with the unirradiated control site, which was normal-
ized to 100%.
SBC assay Hematoxylin and eosin staining was performed on
6 mm thick sections. Sunburn cells (SBC) are UV-damaged keratinocytes
with pyknotic nuclei and eosinophilic cytoplasm. The histologic criteria
for identi¢cation of SBC were those described byWoodcock and Magnus
(1976). Slides were counted blind and in duplicate. Using image analysis
(Chromatic Color Image Analysis System, Leitz, Sydney, NSW, Australia),
SBC were counted along the entire length of the epidermis and expressed
as cells per linear millimeter of epidermis. Counts were expressed as a per-
centage of the site receiving ssUV and base solution alone, which was nor-
malized to 100%.
Statistical analysis Statview (version 4.51, Abacus Concepts Inc. 1992^
95, Berkeley, California) was utilized for statistical analysis. Results are
presented as the meanþ SEM and were considered signi¢cant if po0.05
using a paired two-tailed Student’s t test.
RESULTS
L-NMMA and 2,20 -dipyridyl absorption spectra Neither
L-NMMA in solution or the base solution itself absorbed in
the UV portion of the solar spectrum. 2,20 -Dipyridyl absorbed
in the UVB range, up to 310 nm, with an absorption maximum
of 0.48, which is just less than half that of an opaque object, with
an absorption of 1 and much less than a low SPF (9) sunscreen
(Fig 4).
L-NMMA and 2,20 -dipyridyl both inhibit nitrite production
in response to ssUV UV-irradiated COLO-16 cells produced
signi¢cantly more nitrites than the unirradiated controls
(po0.05) (Fig 5). A signi¢cantly lower nitrite concentration was
produced by cells irradiated with L-NMMA (12106 g per
liter) or 2,20 -dipyridyl (9106 g per liter) treatment compared
with irradiated control cells (22.5106 g per liter) (po0.05).
There was no signi¢cant di¡erence in nitrite production
between irradiated cells treated with L-NMMA and 2,20 -
dipyridyl (p40.05).
L-NMMA and 2,20 -dipyridyl e¡ects on sunburn To
determine whether L-NMMA or 2,20 -dipyridyl altered ssUV-
induced erythema, two groups of 10 non-nickel allergic
volunteers were recruited. Subjects were irradiated with incre-
mental doses of ssUV, with or without topical L-NMMA or
2,20 -dipyridyl. L-NMMA increased the MED from 4.3þ 0.2 to
4.9þ 0.3. 2,20 -Dipyridyl also increased the MED, from 4.4þ 0.5
to 5.770.7.
ssUV-induced suppression of the recall phase of CHS
to nickel in humans
L-NMMA inhibits ssUV-induced immunosuppression L-NMMA did
not have any irritant e¡ect either alone, or in combination with
nickel. It did not alter the re£ectance readings. No signi¢cant dif-
ference was detected between the control unirradiated nickel site
and the site that received L-NMMA plus nickel (0 UV in
Fig 6A). In this study, only the highest dose of ssUV (3.1 J per
cm2) resulted in a level of immunosuppression that reached statis-
tical signi¢cance (Fig 6A, i.e., a signi¢cant di¡erence between
the control unirradiated and irradiated sites). L-NMMA inhibited
this immunosuppression as the di¡erence between the control
unirradiated base lotion treated and the L-NMMA-treated UV-
irradiated site was not signi¢cant (i.e., there was no signi¢cant
immunosuppression). Signi¢cant immunosuppression was not
observed at any UV dose at the sites treated with L-NMMA. At
the highest ssUV dose (3.1 J per cm2), immunosuppression (DEI)
was reduced by 58%, from 20.8 with base solution alone, to 8.7
with L-NMMA.
2,20 -Dipyridyl does not inhibit ssUV-induced immunosuppression In a
separate experiment, 2,20 -dipyridyl was applied to each test site
(Fig 6B). This compound also did not have any irritant e¡ect
either alone, or when applied to a site that received nickel. There
was no signi¢cant di¡erence detected between the EI readings at
the unirradiated control nickel-treated site and the site receiving
2,20 -dipyridyl and nickel (0 UV in Fig 6B). ssUV caused immu-
nosuppression in a dose-related manner, with both 2.5 and
3.1 J per cm2 resulting in a level of immunosuppression that
reached statistical signi¢cance, after the application of both base
and 2,20 -dipyridyl solution. Signi¢cant immunosuppression
Figure 4. The absorbance spectrum of 2,20 -dipyridyl and L-NMMA,
compared with a low SPF sunscreen with titanium dioxide. Solu-
tions of L-NMMA and 2,20 -dipyridyl were applied at 1.4 mL per cm2, to
Mimskin, a 1.5 mm 40 mm quartz glass plate pro¢led with the topogra-
phy of human skin. Sunscreen was applied at a dose of 2.0 mL per cm2. The
plate was irradiated after a 15 min dry time, using a Labsphere UV-1000
SPF analyzer (Labsphere, North Sutton, New Hampshire).The results were
blanked against Mimskin without product.
Figure 5. L-NMMA and 2,20 -dipyridyl inhibit nitrite produced in
response to ssUV. COLO-16 cells in PBS were irradiated with ssUV after
a 15 min incubation in L-NMMA or 2,20 -dipyridyl in PBS. Controls con-
sisted of both either irradiated or sham-irradiated cells in PBS. Meanþ
SEM are shown. Signi¢cance: po0.05, compared with the ssUV-irra-
diated control using a paired two-tailed Student’s t test (n¼ 6).
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(DEI) of 21.1 and 15.0 occurred at a dose of 2.5 J per cm2 ssUV,
both with and without the iron chelator, respectively. No signi¢-
cant immunosuppression occurred at the lower UV dose in this
study.Whereas L-NMMA reduced immunosuppression, 2,20 -di-
pyridyl increased the level of immunosuppression by 30.471.6%
(average increase in immunosuppression over the three doses of
ssUV tested), this was not a statistically signi¢cant e¡ect.
L-NMMA and 2,20 -dipyridyl inhibit the loss of S-100þcells
from the epidermis in human skin in vivo Skin biopsies were
collected 48 h after application of L-NMMA, 2,20 -dipyridyl or
base solution and irradiation with 5 MED of ssUV. ssUV caused
a signi¢cant reduction in epidermal S-100þ dendritic cells and
a concomitant increase in dendritic S-100þ cells in the dermis
(Fig 7). Both topical L-NMMA and 2,20 -dipyridyl inhibited
S-100þ cell loss from the epidermis. There was no statistically
signi¢cant di¡erence between S-100þ cells at the unirradiated
control sites and each test site that received L-NMMA or 2,20 -
dipyridyl prior to irradiation. There was also no di¡erence
in S-100 counts between test sites receiving L-NMMA or 2,20 -
dipyridyl, at the concentrations studied. The 3.5-fold increase in
S-100þ cells in the dermis post-ssUV, was greater than the
2-fold increase that was observed at the test sites receiving
L-NMMA or 2,20 -dipyridyl (Fig 7B). This suggests that NO
and ROS both mediate migration of dendritic S-100þ cells
from the epidermis in response to ssUV.
L-NMMA and 2,20 -dipyridyl both inhibit SBC formation in
human skin in vivo Skin biopsies were collected 48 h after
application of L-NMMA, 2,20 -dipyridyl, or base solution, and
irradiation with 5 MED of ssUV. Both L-NMMA and 2,20 -
dipyridyl signi¢cantly inhibited SBC formation by 40% and
60%, respectively, compared with the test site with base solution
only (po0.05; n¼ 5; paired Student’s t test) (Fig 8). No
signi¢cant di¡erence was observed between the UV-irradiated
Figure 6. ssUV-induced immunosuppression is inhibited by (A)
L-NMMA but not (B) 2,20 -dipyridyl.Two groups of 15 volunteers were
exposed daily to a range of doses of ssUV (0, 2.0, 2.5, and 3.1 J per cm2).
Some skin areas received L-NMMA or 2,20 -dipyridyl, whereas others re-
ceived the base solution only. Each skin region received an identical proto-
col for each of 4 consecutive days. This was followed by nickel patch
testing. The area that received no ssUV and topical base solution only, was
the positive, unirradiated control to which all other sites were compared.
Nickel-induced erythema was measured by re£ectance spectroscopy. The
result shown at each test site is the reaction subtracted from the unirra-
diated, base solution treated control reaction in the same volunteer (DEI),
and is therefore a measure of immunosuppression at that test site. As the
experimental design is to study control and test reactions in the same indi-
vidual, these control and test reactions were compared using a paired two-
tailed Student’s t test to assess whether the level of immunosuppression at
each test site was signi¢cant. Meanþ SEM are shown. Signi¢cance;
po0.05, compared with unirradiated control site using a paired two-tailed
Student’s t test (n¼15).
Figure 7. ssUV-induced NO and ROS are involved in the loss of S-
100þ cells from the epidermis in human skin in vivo. L-NMMA (0.18
mg per cm2), 2,20 -dipyridyl (0.1 mg per cm2) and base solution were ap-
plied at 1.4 mL per cm2, 15 min prior to 5 MED of ssUV. Forty-eight hours
postirradiation, 3 mm punch biopsies were taken from each test site, and an
unirradiated, untreated site. These were para⁄n-embedded and immuno-
stained for S-100. Results are presented as the percentage change in S-
100þ cells compared with the unirradiated site in the (A) epidermis and
(B) dermis. Meanþ SEM are shown. Signi¢cance; po0.05, compared
with the unirradiated site using a paired two-tailed Student’s t test (n¼ 5).
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test sites receiving L-NMMA and 2,20 -dipyridyl (p40.05). No
SBC were detected in unirradiated skin biopsies. Hence, both
NO and the hydroxyl radical are involved in the induction of
keratinocyte apoptosis in the human epidermis.
DISCUSSION
Very few studies have addressed the biologic e¡ects of UV-
induced NO and ROS in humans in vivo. Here we were able to
demonstrate the likelihood that NO is involved in ssUV-induced
immunosuppression in humans. Reactive nitrogen and oxygen
species were involved in ssUV-induced keratinocyte apoptosis
and loss of dendritic S-100þ cells from the epidermis.This shows
that NO is a likely mediator of ssUV-induced suppression of
recall CHS, whereas it also, along with ROS, contributes to
other forms of UV-induced damage.
2,20 -dipyridyl, but not L-NMMA, absorbed in the UVB
region of the solar spectrum. Although the absorption of 2,20 -
dipyridyl was considerably less than that of a low SPF sunscreen,
some confounding of our results could have occurred, as the bio-
logic response modi¢ers were applied prior to ssUV. L-NMMA,
but not 2,20 -dipyridyl, inhibited immune suppression; therefore,
any sunscreening e¡ect of 2,20 -dipyridyl would have made it
more likely that we would have seen inhibition of ssUV-induced
immunosuppression by 2,20 -dipyridyl. It cannot be excluded,
however, that the absorption of UV by 2,20 -dipyridyl may have
confounded the results for the SBC and S-100þ cell counts. As
the absorption by 2,20 -dipyridyl was low, and this was con¢rmed
by its small e¡ect on the MED, this is unlikely, however.
We demonstrated that both 2,20 -dipyridyl and L-NMMA in-
hibited nitrites in vitro at the doses studied. NO and superoxide
react to form peroxynitrite, which exists in equilibrium with
peroxynitrous acid, which degrades to nitrate and nitrite (Pryor
and Squadrito, 1995) (Fig 1). L-NMMA inhibits the production
of nitrite through competitive inhibition of NO, 2,20 -dipyridyl
is an iron chelator, inhibiting ROS production via the Fenton re-
action (Gutteridge et al, 1990; Bissett et al, 1991), and therefore may
decrease production of peroxynitrite by limiting superoxide. Al-
ternatively 2,20 -dipyridyl may indirectly inhibit reactive nitrogen
species formation by sparing in vivo antioxidants, thus decreasing
superoxide and preventing the downstream production of ni-
trites.We found that L-NMMA but not 2,20 -dipyridyl prevents
ssUV-induced immunosuppression. As L-NMMA and 2,20 -di-
pyridyl both inhibited peroxynitrite and nitrite it is likely that
NO was responsible for immunosuppression as its production is
prevented by L-NMMA but not 2,20 -dipyridyl.
Langerhans cells are dendritic antigen-presenting cells that play
an essential part in the induction of cutaneous immunity (Stingl
and Bergstresser, 1995). Depletion of Langerhans cells is one of
the cellular changes in response to UV that leads to immunosup-
pression (Bergstresser et al, 1980). In this study epidermal Langer-
hans cells were identi¢ed by S-100 staining and their dendritic
morphology as previously described (Halliday et al, 1986). Dermal
S-100þ dendritic cells were also assessed as these may include
Langerhans cells migrated from the epidermis to the dermis,
although S-100 is not speci¢c for dendritic cells in the dermis.
We found that epicutaneous L-NMMA and 2,20 -dipyridyl both
inhibited the epidermal Langerhans cell depletion that occurred
at 48 h after 5 MED of ssUV. NO producing chemicals applied
to human skin have been shown to reduce CD1aþ Langerhans
cells in human epidermis (Ormerod et al, 1999). In addition, NO
has been shown to be an intermediate in UVA-induced Langer-
hans cell loss from murine epidermis (Yuen et al, 2002). These
studies all show that NO is a mediator of Langerhans cell loss
from the epidermis in response to ssUV. Both L-NMMA and
2,20 -dipyridyl were able to inhibit ssUV-induced Langerhans cell
depletion in this study, even though only L-NMMA inhibited
immune suppression. Whereas Langerhans cell migration is
important for the induction of primary immunity (Stingl and
Bergstresser, 1995), it is unknown whether they were important
for the secondary immunity that was studied in these
experiments.
SBC, or apoptotic keratinocytes are believed to be markers of
DNA injury (Young, 1987). In this study NO and ROS both
contributed to UV radiation-induced keratinocyte apoptosis in
the epidermis. These results are consistent with previous studies
suggesting a role for NO in the induction of apoptosis in vivo
(Brune et al, 1999). There is also considerable evidence that ROS
are involved in SBC formation or apoptosis in the epidermis
(Mathews-Roth, 1986). Iron, singlet oxygen, and hydrogen
peroxide are important redox active species involved in the
deleterious e¡ects of UVA radiation on lipids and proteins of
human skin cells (Vile and Tyrrell, 1995). Treatment with
enzymatic (Danno et al, 1984) and nonenzymatic (Mathews-Roth,
1986) antioxidants inhibits SBC formation in mouse skin. Thus,
both SBC formation and Langerhans cell loss from the epidermis
were inhibited by L-NMMA and 2,20 -dipyridyl, suggesting that
NO and ROS production, and possibly peroxynitrite, may
contribute to these e¡ects of ssUV. It is di⁄cult to determine
whether NO or ROS reduces Langerhans cell counts by apopto-
sis alone, or by inducing both migration from the epidermis and
apoptosis.
Free radicals play di¡erent roles in ssUV-induced cutaneous
damage. These studies show that reactive nitrogen and oxygen
species were both involved in apoptosis and Langerhans cell
depletion in our human skin models. The mechanisms involved
in immunosuppression were di¡erent, with L-NMMA but not
2,20 -dipyridyl protecting the immune system from suppression
to a recall antigen. It is possible that ROS, which were not
inhibited by 2,20 -dipyridyl, were involved in immunosuppres-
sion. As both L-NMMA and 2,20 -dipyridyl were able to inhibit
downstream nitrogen reactive species, we would like to suggest
that the second messenger NO, but not iron-catalyzed produc-
tion of ROS, or other nitrogen reactive species, are involved in
UV-induced immunosuppression in humans. Immune sup-
pression requires multiple interactions within a complex cellular
and cytokine environment. Understanding the mechanisms of
cutaneous UV-induced oxidative stress will assist in the future de-
sign of novel products, protecting skin from photoaging and skin
cancer.
Figure 8. L-NMMA and 2,20 -dipyridyl inhibit SBC formation. L-
NMMA (0.18 mg per cm2), 2,20 -dipyridyl (0.1 mg per cm2) and base solu-
tion were applied at 1.4 mL per cm2, 15 min prior to 5 MED of ssUV. Forty-
eight hours postirradiation, 3 mm punch biopsies were performed at each
test site, and an unirradiated, untreated site. These were para⁄n-embedded
and stained with hematoxylin and eosin. SBC were enumerated and pre-
sented as the percentage change in SBC formation compared with the con-
trol site (ssUV and base solution). Meanþ SEM are shown. Signi¢cance:
po0.05, compared with the irradiated control site using a paired two-tailed
Student’s t test (n¼ 5).
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